The timescales of magma genesis, ascent, storage and degassing at Kīlauea volcano, Hawai 230 Th) over ( 238 U) and $3 to $17% excesses of ( 226 Ra) over ( 230 Th), consistent with melting of a garnet peridotite source at melting rates between 1 Â 10 -3 and 5 Â 10 -3 kg m -3 a -1 , and melting region porosity between $2 and $10%, in agreement with previous studies of the ongoing eruption and historical eruptions. A small subset of samples has near-equilibrium (   230   Th/ 238 U) values, and thus were generated at higher melting rates. Based on U-Th-Ra disequilibria and Th isotopic data from this and earlier studies, melting processes and sources have been relatively stable over at least the past two centuries or more, including during the ongoing unusually long (>30 years) and voluminous (4 km 3 ) eruption. Lavas recently erupted from the East Rift Zone have average initial ( 210 Pb/ 226 Ra) values of 0Á80 6 0Á11 (1r), which we interpret to be the result of partitioning of 222 Rn into a persistently generated CO 2 -rich gas phase over a minimum of 8 years. This ( 210 Pb) deficit implies an average magma ascent rate of 3Á7 km a -1 from $30 km depth to the surface. Spatter and lava associated with ventopening episodes erupt with variable ( 210 Pb) deficits ranging from 0Á7 to near-equilibrium values in some samples. The samples with near-equilibrium ( 210 Pb/ 226 Ra) are typically more differentiated, suggesting decadal timescales of magma storage in shallow conduits or reservoirs that were not degassing. Lava and spatter samples erupted in the East Rift Zone and at the summit had ( 210 Po) $0 at the time of eruption, which results from efficient partitioning of Po into the CO 2 -and SO 2 -rich gas phases during and prior to eruption. Summit ash and Pele's hair samples from 2008 differ from lava and lapilli samples in that they have elevated initial ( 210 Po), ( 210 Pb/ 226 Ra), and Pb concentrations because of Po condensation on tephra particles, and incorporation of fumarolic Po and Pb into erupted tephra fragments during quenching.
. Also included are samples erupted at the summit in April 1982 and March 2008, along the East Rift Zone at the onset of the ongoing eruption in January 1983, and during vent shifting episodes 54 and 56, at N apau crater in January 1997, and Kane Nui O Hamo in June 2007. In general, samples have small ($4%) excesses of ( 230 Th) over ( 238 U) and $3 to $17% excesses of ( 226 Ra) over ( 230 Th) , consistent with melting of a garnet peridotite source at melting rates between 1 Â 10 -3 and 5 Â 10 -3 kg m -3 a -1 , and melting region porosity between $2 and $10%, in agreement with previous studies of the ongoing eruption and historical eruptions. A small subset of samples has near-equilibrium (   230   Th/ 238 U) values, and thus were generated at higher melting rates. Based on U-Th-Ra disequilibria and Th isotopic data from this and earlier studies, melting processes and sources have been relatively stable over at least the past two centuries or more, including during the ongoing unusually long (>30 years) and voluminous (4 km 3 ) eruption. Lavas recently erupted from the East Rift Zone have average initial ( 210 Pb/ 226 Ra) values of 0Á80 6 0Á11 (1r), which we interpret to be the result of partitioning of 222 Rn into a persistently generated CO 2 -rich gas phase over a minimum of 8 years. This ( 210 Pb) deficit implies an average magma ascent rate of 3Á7 km a -1 from $30 km depth to the surface. Spatter and lava associated with ventopening episodes erupt with variable ( INTRODUCTION Kīlauea, Hawai'i is the type example of an ocean island volcano in its shield building stage and among the best studied volcanoes on Earth. It has erupted frequently during historical times, including the near-continuous East Rift Zone (ERZ) eruption, which began on 3 January 1983 (Fig. 1) . The aim of this study was to investigate differences in processes and timescales of partial melting, melt migration, ascent, storage and degassing between magmas erupted during various phases of the ongoing eruption, using measurements of disequilibria among 238 U decay series nuclides. The 238 U series isotopes are particularly useful for investigating the chronology of magmatic and eruptive processes because elemental chemical fractionation between different decay series nuclides occurs over timescales comparable with their half-lives. In this study, we contribute new 238 U, 230 Th (t 1/2 ¼ 75 690 years), 226 Ra (t 1/2 ¼ 1600 years), 210 Pb (t 1/2 ¼ 22Á4 years) and 210 Po (t 1/2 ¼ 138 days) data for the ongoing eruption of Kīlauea collected using multicollector inductively coupled plasma mass spectrometry (MC-ICP-MS) (U, Th, Ra) and alpha counting ( 210 Pb, 210 Po) techniques. Our study builds on successive generations of 238 U-series investigations of young lavas erupted from the Hawaiian islands, including those employing decay counting techniques (Somayajulu et al., 1966; Krishnaswami et al., 1984; Newman et al., 1984; Reinitz & Turekian, 1991; Williams & Gill, 1992; Hé mond et al., 1994) , thermal ionization mass spectrometry (Cohen & O'Nions, 1993; Sims et al., 1995 Sims et al., , 1999 Cooper et al., 2001; Pietruszka et al., 2001) , secondary ion mass spectrometry (Layne & Sims, 2000) , and MC-ICP-MS (Pietruszka et al., 2002 (Pietruszka et al., , 2006 (Pietruszka et al., , 2011 Aciego et al., 2010; Phillips et al., 2016) . Pietruszka et al. (2006) collected 238 U- 230 Th- 226 Ra data for samples of the ongoing eruption, focusing on the least differentiated lava to minimize the potential effects of crustal-level magmatic processes in altering primitive geochemical signatures. We analyzed samples with diverse MgO concentrations to represent the diversity of lava compositions that erupted over more than two decades of nearly continuous lava eruption (Fig. 2 ). An important focus of this study is on the lavas erupted when vents open or shift, including the initial eruptions in January 1983 at Pu'u ' O' o along the ERZ, episode 54 at N apau crater on 30-31 January 1997 , episode 56 at the Kane Nui O Hamo fissures, and the lava eruption at Halema'uma'u crater in Kīlauea's summit caldera in March 2008 . We compare and contrast 238(4) U- 230 Th- 226 Ra isotopic signatures in lavas erupted during these unusual eruption phases with those erupted during steady effusion from Pu'u ' O' o, to discern the effects of melting versus crust-level differentiation. Variations in the timescales of magma degassing during ascent and storage for these different episodes are explored by determining the activities of 210 Pb and 210 Po in these same lavas.
BACKGROUND: NEAR-CONTINUOUS SHIELD-STAGE ERUPTION ON KĪLAUEA SINCE 1983
On 3 January 1983, a shield-building eruptive phase at Kīlauea began along the ERZ after $8 years of intermittent minor summit and ERZ eruptions. Since that time, 4 km 3 of tholeiite basalt lava has been erupted, Fig. 2 . Compositions in bulk lava weight per cent MgO of samples used in this study and in previous studies Pietruszka et al., 2006) , plotted vs eruption data for the Kīlauea ERZ eruption from 1983 to 2013, using wavelength-dispersive X-ray fluorescence data from Thornber et al. (2015) , highlighting that our samples from the steady-state ERZ lava flow eruption have MgO representative of the eruption long-term trends, and that vent shifting episodes 54 and 56 and eruption onset in 1983 and summit eruption of 2008 show significant shifts in MgO.
primarily from the Pu'u ' O' o and K upaianaha vents ( Fig.  1) (Orr et al., 2012, 2015, and references therein) .
This ongoing eruption began along fissures in the N apau-Kamoamoa area that propagated further downrift and within days concentrated at a new eruptive vent, Pu'u ' O' o ( Fig. 1 ). Olivine-clinopyroxene-plagioclase basalt produced during these vent-opening episodes had more differentiated compositions (5Á8-6Á8 wt % MgO) than the summit basalt erupted in 1982 ($8% MgO; Garcia et al., 1989 Garcia et al., , 1992 . From June 1983 to July 1986, ERZ eruption was restricted to the Pu'u ' O' o cone, which was built by episodic high-fountaining eruptive pulses in 1983 (Wolfe et al., 1988; Heliker & Mattox, 2003; . Lavas erupted over this period had $7-8 wt % MgO, were olivine 6 spinel phyric and were thus more primitive than the earliest eruption products (Thornber, 2001; Thornber et al., 2015) . On 20 July 1986, the eruption shifted down-rift to the K upaianaha fissure ( Fig. 1) , with uninterrupted outpouring of lava until November 1991. Lavas from this period had MgO $9 wt %, and continued to be olivine 6 spinel phyric (Garcia et al., 1996; Thornber et al., 2015) . From November 1991 until now (March 2017) , and despite three brief ERZ conduit-breaching eruptive events discussed below, steady-state eruption has persisted from vents in and around Pu'u ' O' o (Kauahikaua et al., 1996; Heliker & Mattox, 2003; Orr et al., 2015) (Fig. 1) . Compositions of magma erupted at Pu'u ' O' o from 1991 to 2001 cycled within an olivine-controlled range of $7Á8 to 9Á2 wt % MgO that peaked in 1998, then steadily declined to $7Á8 wt % MgO in 2001 (Thornber, 2001 (Thornber, , 2003 Thornber et al., 2015) . This compositional change occurred in association with a significant upper ERZ magmatic intrusion in September 1999 that disrupted conduit flow to Pu'u ' O' o but did not result in an eruption (Cervelli et al., 2002; Thornber et al., 2015) . Between 2000 and 2001, lavas gradually shifted from being olivine 6 spinel to being olivine-clinopyroxene-plagioclase phyric, whereas MgO concentrations remained persistently low (7Á8-6Á8 wt %). Low-temperature multi-phyric lavas persisted at Pu'u ' O' o until June 2007 despite a surge in the supply of new magma to the shallow edifice from 2003 to 2007 (Poland et al., 2012) . This supply surge culminated with a small eruption of more primitive olivine-spinel-phyric magma ($8Á5-9Á0 wt % MgO) on 19 June 2007 at Kane Nui O Hamo, uprift of Pu'u ' O' o ( Fig. 1 ; episode 56 of Thornber et al., 2015) . Latent translation of this magma supply surge became evident at both ends of Kīlauea's shallow magmatic plumbing system over the next year. In March 2008, a new summit vent opened in the summit caldera, heralding sustained lava pond activity at the summit (Wilson et al., 2008) . Meanwhile, at Pu'u ' O' o, erupting lava became steadily more primitive, peaking in August 2008 with olivine-spinel-phyric lava at 8Á5 wt % MgO (Rowe et al., 2015) . By October 2008, a decline in lava MgO below 7Á8 wt % was accompanied by the appearance of clinopyroxene and plagioclase phenocrysts. Since 2010, steady-state Pu'u ' O' o lava has remained multi-phyric with a persistently low MgO content of $6Á8 wt %. This recurrent and persistent eruptive condition reflects a magmatically buffered throughput of steady-state eruption achieved during recharge and mixing of more primitive magma in a shallow open-system magma reservoir along the ERZ .
In addition to eruption at Kane Nui O Hamo, other brief post-1983 ERZ vent shifts occurred in 1997 and 2011. On 29-31 January 1997, the eruption migrated uprift to N apau crater (Fig. 1 ) in an event, referred to as episode 54, that produced vigorously migrating fissure fountains of cooler, more chemically evolved lava ranging to less than 5 wt % MgO (Heliker & Mattox, 2003; Thornber et al., 2003) , before returning to Pu'u ' O' o within the following month. A similar disruption of Pu'u ' O' o lava venting, referred to as episode 59, occurred on 5-9 March 2011 when fissures erupted in the Kamoamoa area between N apau crater and Pu'u ' O' o ( Fig. 1) . Eruptive fissures of the March 2011 eruption were overlapping or closely en echelon with eruptive fissures of January 1997 (episode 54, N apau crater) as well as January 1983 (episodes 1-3, Kamoamoa) Thornber et al., 2015) . Similar to both 1983 and 1997 eruptions along this segment of the ERZ, the 2011 Kamoamoa lava ranges to distinctly evolved geochemical compositions with $5Á0 wt % MgO that result from mixing of ERZ conduit magma with shallow stagnating remnants of dike residua from eruptions dating back to 1963 and 1968 .
Degassing has been continuous at the summit caldera throughout the ongoing ERZ eruption, although no lava was erupted there between September 1982 and the March 2008 vent-opening phase (Wilson et al., 2008; Edmonds et al., 2013; Wright & Klein, 2014; Carey et al., 2015) . In March 2008, SO 2 venting increased before a phreatic explosion created a vent in the lower east wall of Halema'uma'u crater on 19 March. Explosions on 23 March vented relatively primitive basalt. Since 2008, this vent has filled with a lava lake, has vigorously vented gases, and has occasionally ejected fragmented lava, while continuing to enlarge by wall and roof collapses (Wooten et al., 2009; Houghton et al., 2011; Carey et al., 2012; Mather et al., 2012; Edmonds et al., 2013; Orr et al., 2013; Thornber et al., 2015) . This period marks the first simultaneous volcanic activity at the summit and along the ERZ in recorded history (Wright & Klein, 2014) . Tephra erupted from the lava lake since 2008 comprises juvenile basalt and lithic fragments from historical summit eruptions that collapsed into the lake, triggering explosions (Houghton et al., 2011; Orr et al., 2013; Carey et al., 2015) . These lithic fragments have various degrees of alteration and include sulphate sublimates (Wooten et al., 2009; Thornber et al., 2015) . The juvenile basalts are olivine phyric and similar in composition to some of the least evolved magmas of the ERZ eruption (Edmonds et al., 2013; Rowe et al., 2015; Thornber et al., 2015) .
Ratios of more incompatible to less incompatible elements decrease through time in steady-state ERZ eruption products from late 1983 to 2000 (e.g. La/Yb from $0Á65 to 0Á55, or Nb/Y from $0Á7 in 1983 to $0Á5 in [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] across all steady effusion episodes (Garcia et al., 1996; Thornber, 2003; Greene et al., 2013; Thornber et al., 2015) . Nearly biannual cycles in ERZ incompatible element ratios from 1995 to 2001 (e.g. K 2 O/ TiO 2 ) are correlated with cycles of inflation and deflation of Kīlauea's summit (Thornber, 2003 (Garcia et al., 2000; Thornber, 2003; Pietruszka et al., 2006; Marske et al., 2008; Greene et al., 2013) .
206 Pb/ 204 Pb has varied in quasi-decadal cycles, whereas 87 Sr/ 86 Sr variations generally increase from about 0Á70357 in the early 1980 s to about 0Á70364 in the early 2000 s (Greene et al., 2013) . The origin of these trace element and isotopic variations has been explained with two contrasting hypotheses: (1) melting of mantle with small-scale geochemical heterogeneities (Pietruszka et al., 2006; Marske et al., 2008; Greene et al., 2013) ; (2) mixing of juvenile basalt originating from a more homogeneous mantle source and older magma remnants with distinct trace element and isotopic compositions, inherited from earlier melting episodes in which the mantle source or melting processes differed from those of the -82  summit  lava  0Á982  0Á011  0Á326  0Á0023  3Á010 0Á040  KE1-13 F  6-Jan-83  Kamoamoa  lava  0Á974  0Á011  0Á319  0Á0022  3Á051 0Á040  KE1-49 S  3-Jan-83  Kamoamoa  spatter  1Á115  0Á012  0Á369  0Á0026  3Á024 0Á040  KE1-58 S  3-Jan-83  Kamoamoa  spatter  1Á249  0Á014  0Á416  0Á0029  3Á005 0Á040  KE14-230 F  30-Jan-84  Pu'u '  O' o  lava  1Á053  0Á012  0Á351  0Á0025  2Á997 0Á040  KE51-1413 29 Statistical distributions All samples
Radioactive constants used were 1Á551 Â 10 -10 , 2Á826 Â 10 KS08-01 T: about half of the fragments are variably altered magnetite gabbro and olivine-magnetite gabbro with subophitic textures and probably represent shallow intrusions that were altered by fumarolic gases. About 40% of the fragments are altered lavas with phenocrysts of olivine alone or olivine plus plagioclase 6 augite. Crystallinity in these fragments ranges from 0 to 70%, and most are altered to clays, opaque minerals, zeolites, anhydrite, and leucoxene. A few fragments had hyalophitic textures with up to 60% euhedral olivine, plagioclase, and augite phenocrysts. KS08-10 T: about 65% of the fragments in this sample are plutonic fragments similar to those found in KS08-01 T, although some of these fragments are less altered. About 10% of the sample consists of aphyric Pele's hair or tears, and another 10% was single olivine or plagioclase crystals. Highly altered sparsely porphyritic to aphyric lavas form the remainder of the sample.
5
Accepted value from Sims et al. (2008a). 6 Listed error represents the combined uncertainty, which includes the uncertainty in the value of the 234 U/ 238 U ratio for U-010 used for normalization (0Á142%; Richter & Goldberg, 2003) and the long-term reproducibility of equilibrium rock standards used for quality assurance. Typical analytical precision was 0Á4&. current eruption (Thornber, 2003; Thornber et al., 2003 Thornber et al., , 2015 . The latter hypothesis is supported by a long-term Kīlauea summit deflation from 1983 to 2003, consistent with stored magma being gradually flushed out from the shallow Kīlauea magma conduits . Sims et al. (1999) . *Sample analyzed multiple times (see Table 3 and Fig. 7 for individual analysis dates).
SAMPLES
samples analyzed by Pietruszka et al. (2006) for U-ThRa disequilibria were analyzed here for 210 Pb. Our Pu'u ' O' o lava samples from 1983, 1992 and 1998 are sparsely olivine-spinel-phyric (Garcia et al., 2000; Thornber, 2001) . Eruptive ventopening phases differentiated samples of January 1983 (episode 1) and January 1997 (episode 54) have olivine, plagioclase and pyroxene crystals with a wide range of compositions (Garcia et al., 2000; Thornber et al., 2003) . Our samples of the earliest ejecta from the 2008 summit are lapilli and ash fallout tephra that are among eruption samples cataloged and described by Wooten et al. (2009) . Sample KS08-01 T consists of coarse lapilli and ash, comprising lavas with a mixture of phenocrysts and lithic fragments of variably altered fine-grained gabbroic rocks (Table 1) . KS08-10T consists entirely of ash <1 mm in average diameter; the KS08-58 T fraction used in this study consists of Pele's hair (Table 1) . Samples KS08-07 S and KS08-11 S consist of the juvenile-looking spatter pieces from heterogeneous collection suites that were characterized by Wooten et al. (2009) as a tephra spatter mixture of both juvenile and lithic components, including fragments of remelted aphanitic basalt.
ANALYTICAL METHODS
This study employs methods for analyzing whole-rocks for U, Th, and Ra concentrations and isotopic compositions modified after Sims et al. (2008a Sims et al. ( , 2008b . For each sample, $2 g of powder was digested in a solution of HF-HNO 3 -HClO 4 . The resulting solution was evaporated to dryness using an ANALAB closed system digestion and subsequently dissolved in 3M HCl. An aliquot containing $30 ng Th and $10 ng U was spiked for isotopic dilution analysis with $10 ng 233 U and $10 ng 229 Th, and this aliquot was equilibrated using HClO 4 fuming. Thorium and U in this aliquot were separated and purified using a column filled with AG1-X8 anion exchange resin. The main solution was spiked with 228 Ra and processed for separation of Ra, Th, and U for isotopic analysis. In brief, the sample was loaded onto a column loaded with Eichrom AG1-X8, 100-200 mesh, anion exchange resin. First, Ra was eluted with 7 M HNO 3 . Then, Th and U were eluted together with 1 M HCl and 1 M HBr. Radium and Ba were subsequently separated from the matrix on a column of 10 ml of Eichrom AG 50 W-X8, 200-400 mesh, cation exchange resin by progressively eluting the matrix with additions of 2 M, 2Á5 M, 3 M, and 4 M HCl. Radium and Ba were eluted in 6 M HCl. The collected Ra and Ba fraction was further purified from Ba using a second cation exchange column. Radium was fully purified from any residual Ba using Eichrom Sr-spec resin. Shortly before analysis, Ra was separated from any 228 Th produced from decay of the 228 Ra spike, using a 7 M HNO 3 eluent through AG1-X8 resin.
The Th ratios were measured from unspiked U and Th separates by MC-ICP-MS on a Thermo-Fisher Neptune system at Woods Hole Oceanographic Institution, using the protocols described by Ball et al. (2008) and Sims et al. (2003 Sims et al. ( , 2008a Sims et al. ( , 2008b Th analyses, respectively (Table 1) . 226 Ra was measured by isotope dilution using a 228 Ra spike on the Thermo-Fisher Neptune MC-ICP-MS system at Woods Hole Oceanographic Institution, using the protocols of Sims et al. (2008a) . Mass bias between 226 Ra and 228 Ra was extrapolated from the mass bias obtained from three measurements of 234 U/ 236 U in standard NBS U010 interspersed between samples. Although there is a slight difference in the mass bias of U and Ra, this difference is much less than the overall uncertainty of the 226 Ra/ 228 Ra measurement. Counting statistical errors for individual isotope measurements using modern MC-ICP-MS instruments are low, in the per mil range, because of the excellent analytical efficiency of these instruments. However, total analytical errors are limited by uncertainty in the concentrations and isotopic compositions of the standards used for isotopic dilution analyses and mass bias corrections (e.g. Layne & Sims, 2000; Richter & Goldberg, 2003; Sims et al., 2008a Sims et al., , 2008b Sims et al., , 2013 Richter et al., 2010; Waters et al., 2013b ; see footnotes to Table 1) . 210 Pb was measured by analyzing granddaughter 210 Po by a decay spectrometry at the University of Iowa, following the protocols detailed by Reagan et al. (2005 Reagan et al. ( , 2006 . In samples older than $2Á5 years, owing to the short half-life of 210 Po (138 days), 210 Po was assumed to be at secular equilibrium with 210 Pb, such that ( 210 Po/ 210 Pb) ¼ 1, with parentheses denoting activity. Sample preparation for 210 Po analysis was performed using protocols of Reagan et al. (2005) and Waters et al. (2013a) . After spiking with 209 Po, $2 g of powder was dissolved in HF-HNO 3 . The samples were taken into solution in 1 N HCl and loaded onto a column filled with AG1-X8 anion exchange resin; Po was extracted using warm 7Á5 M HNO 3 . This solution was evaporated and Po was auto-plated on a silver disk in a warm 0Á5 M HCl solution for a spectrometry analysis. Samples younger than $2Á5 years were prepared and analyzed several times for 210 Po, allowing for calculation of Exceptions are all analyses of KS08-10 T and the first analysis of KS08-01 T, which did not involve leaching (Table 2) . 210 Po 0 and 210 Pb 0 were calculated by best-fit regression of a radioactive ingrowth curve using a Markov Chain Monte Carlo approach with a Metropolis acceptance rule using Matlab code furnished by Juan Carlos Afonso of Macquarie University.
Samples were prepared for major and trace element analyses by dissolution in HF-HNO 3 , evaporation to dryness, dilution in weak HNO 3 , and were spiked with In and Re solution, following the protocol of Peate et al. (2010) . Analyses were performed by ICP-MS on a Thermo-Fisher X-series II system at the University of Iowa, using a conventional trace element routine (Peate et al., 2010) and a second routine in collision cell mode to measure major elements and most transition metals. Major and trace elements precision of three replicated analyses of USGS standard BHVO-2 generally was better than 2% relative standard deviation (1r), and accuracy was generally within 65% of recommended values (Electronic Supplement 1; supplementary data are available for downloading at http://www.petrology. oxfordjournals.org). U) vs eruption date. Error bars for our data account for uncertainty in spikes used for isotopic dilutions, radioactive decay constants, and analytical precision (see footnote 2 in Table 1 ).
RESULTS

U-Th-Ra
The ( 234 U/ 238 U) values (parentheses denote activities) for all samples range from 1Á0015 to 1Á0030 (Table 1) , in agreement with values previously reported for Kīlauea lavas (Hé mond et al., 1994; Sims et al., 1995 Sims et al., , 1999 Pietruszka et al., 2001 Pietruszka et al., , 2006 and other ocean island basalts (e.g. Sims & Hart, 2006; Sims et al., 2008b; Phillips et al., 2016) . These values are within error of parentdaughter equilibrium values when considering total analytical errors (see footnote 2 in Th) % 1Á04 (Fig.  3a) , with the exception of summit tephra samples KS08-10 T at 1Á027 6 0Á006 (2r error), sample KE1-49 S from the Pu'u ' O' o vent-opening phases of 1983 at 1Á051 6 0Á007, sample KS08-11 S from the 2008 summit eruption at 1Á048 6 0Á007 and Kane Nui O Hamo sample KE56-2640 F at 1Á049 6 0Á007. These departures from the 'zero-age' isochron are not significant as they are within <62% of the isochron average ( 230 Th/ 232 Th). Elemental Th/U ratios range from 2Á91 to 3Á28, with all samples but three defining a normally distributed population with a mean and median Th/U of 3Á04 and 3Á03 and standard deviation of 0Á03. Most sample values within this main population are within 2r analytical error of each other (Table 1) . Sample KS08-01 T from the 2008 summit vent-opening phase defines an outlier with Th/U of 3Á282 6 0Á043. This sample is discussed separately below and is excluded from the following statistical analyses of U-Th-Ra data. Pu'u ' O' o lava sample KE55-2507 F, digested and analyzed twice, and summit spatter sample KS08-11 S have lower Th/U (mean ¼ 2Á94) but remain within analytical error of the remainder of the samples. No clear temporal trend of Th/U is observed in our samples, even when considering steady-state ERZ samples alone. When the steadystate ERZ lava samples are considered separately, Th/U has mean and median values of 3Á01 (SD ¼ 0Á05). Samples from the Pu'u ' O' o vent-opening samples from 1983, the MgO-rich 2008 summit eruption and the MgO- U) comparing samples from this study with historical lavas (Cohen & O'Nions, 1993; Cooper et al., 2001; Pietruszka et al., 2001 ) and steady-state ERZ primitive lavas Pietruszka et al., 2006 Fig. 3 . Error bars for our data include uncertainty in the radioactive decay constants (<0Á5%; see Fig.  3b ). Samples KE55-2507 F and KS08-11 S have nearequilibrium ( 230 Th/ 238 U) values (0Á995 6 0Á015 and 1Á017 6 0Á015 in KE55-2507 F and 1Á013 6 0Á015 in KS08-11 S). Among our ERZ steady-state lava samples, no systematic variations of ( 230 Th) excesses are observed with eruption date (Fig. 3c) U) with an average of 1Á052 (SD ¼ 0Á007), although individual measurements of the N apau samples remain within 2r analytical error of the ERZ lava samples. (Fig. 5) . Sets of samples erupted at close intervals of time, notably during episode 54 at N apau, the 2008 summit eruption and the early phases of the ongoing eruption in 1983, have widely varying ( 226 Ra) excesses (Fig. 4) , which vary independently of MgO concentrations and Ba/Th (Fig. 5) (Fig. 4) , with r 2 ¼ 0Á34. The r 2 slightly improves to 0Á43 if we consider only steady-state ERZ lava samples, or to 0Á41 if we also include samples from Cohen & O'Nions (1993) , Sims et al. (1999) and Pietruszka et al. (2001 Pietruszka et al. ( , 2006 . These regressions do not account for analytical errors, nor do they account for the interdependence of the x-and y-axes ( 230 Th is in the numerator of x-axis values and is in the denominator on the y axis). Hence, the distribution of ( 226 Ra/ 230 Th) over that of ( 230 Th/ 238 U) also may be described as a pattern with two populations (Fig. 4c) Thornber et al., 2015) . The incompatible trace element composition of this sample, including its relatively high La/Yb (Fig. 5) , are a close match to the compositions of Kīlauea basalts erupted in the early 20th century (see Garcia et al., 2003; Pietruszka et al., 2013 (Table 2) , suggesting return to secular equilibrium before eruption for some magmas erupted when vents open, hence supporting the concept that magmas with a variety of residence times in the crust erupt during these episodes . Our data are in general agreement with early data of Reinitz & Turekian (1991) Fig. 3 , and error bars represent the uncertainty described in Table 2 . Po excesses melting environments, notably when garnet is present as a residual phase (Beattie, 1993a; LaTourrette et al., 1993; Blundy & Wood, 2003; Elkins et al., 2008 positive correlation has been observed at a regional scale among Hawaiian and Samoan basalts (Sims et al., , 2008b Phillips et al., 2016) , as well as a subset of primitive lavas from the current Pu'u ' O' o eruption (Pietruszka et al., 2006) . Negative correlations between ( 226 Ra) and ( 230 Th) excesses are also common and have been described in a variety of magmas, including midocean ridge basalt (MORB) Rubin et al., 2005; Waters et al., 2013b; Elkins et al., 2014) , arc basalts (e.g. Turner et al., 2001 ) and ocean island basalt (OIB) (Sigmarsson et al., 1998; Pietruszka et al., 2001; Lundstrom et al., 2003) . Element partitioning accompanying time-independent melting of garnet peridotite mantle cannot satisfactorily explain these negatively correlated ratios (Bourdon & Sims, 2003; Lundstrom, 2003) . In arcs, negative correlations between ( 226 Ra) and ( 230 Th) excesses have been attributed to progressive flux-melting owing to the introduction of U-and Ra-enriched fluids from the subducting slab into the mantle wedge (Turner et al., 2001) . In MORB or OIB, in the absence of such fluids, time-dependent melting models such as dynamic melting (McKenzie, 1985; Williams & Gill, 1989) and chromatographic porous flow melting (Spiegelman & Elliott, 1993) have been proposed to explain the excesses in ( 230 Th) and ( 226 Ra) (Sims et al., , 2008b Pietruszka et al., 2001) . In these models, melting rates, melting depth, and U and Th partition coefficients all significantly affect the extent of ( 230 Th) excesses Salters et al., 2002) , whereas the extent of the enrichment of ( 226 Ra) is principally affected by porosity during melting, such that lower porosities result in higher ( 226 Ra) excesses, assuming no millennium-scale residence times of magmas in chambers or melt-rich channels (Sims et al., , 2008b .
Negatively correlated ( 230 Th) and ( 226 Ra) excesses in MORB have been explained by mixing between channelized 230 Th-enriched melts generated from mantle with relatively high porosities and melts whose ( 226 Ra) excesses result from melting at lower pressures and lower porosities Sims et al., 2002) . In ocean islands, melting of a heterogeneous mantle source comprising garnet peridotite and garnet pyroxenite has been proposed as an alternate hypothesis (Sigmarsson et al., 1998; Reiners, 2002) . However, on the basis of trace elements and Nd and Hf isotopic signatures, Stracke et al. (1999) and Phillips et al. (2016) ruled out garnet pyroxenite as a potential source for Hawai'i magmas, instead favoring garnet peridotite. Within our dataset, no correlation is observed between ( 230 Th/ 238 U) and Ba/Nb (Fig. 5d) , which could otherwise indicate a garnet pyroxenite melting component (Elkins et al., 2008; Stracke & Bourdon, 2009; Phillips et al., 2016) . In a historical Kīlauea basalt dataset where a negative correlation of ( 226 Ra Ra excesses in alkaline and tholeiitic lavas erupted on Hawaii and Maui have been attributed to systematic changes in mantle upwelling rates across the Hawaiian mantle plume, which result in varying melting rates, mantle porosities, and overall degrees of melting (Sims et al., 1995 Phillips et al., 2016) .
The ( Ra over its parent 230 Th are small (3-17%) but significant. Nevertheless, no correlation with time, eruption style, locality or degree of differentiation of the magmas is observed. The distribution of ( ical (pre-1983) and recent Kīlauea magmas (Sims et al., 1995 Pietruszka et al., 2001 Pietruszka et al., , 2006 ) and more broadly, ocean island basalts (e.g. Sims & Hart, 2006; Sims et al., 2008b Sims et al., , 2013 Prytulak & Elliott, 2009; Pietruszka et al., 2011) . Two samples, the 2005 ERZ lava KE55-2507 F and 2008 summit lapilli KS08-11 S, have ( 230 Th/ 238 U) within 2r analytical error of equilibrium, are distributed askew from the main population (Table  1) , and resemble 20th century Kīlauea historical lava samples from Cohen & O'Nions (1993) and Cooper et al. (2001) . Importantly, these two samples are located along the same 'zero-age' isochron as other Kīlauea samples (Fig. 3a) and, like the historical samples, have pronounced ( 226 Ra) excesses of 14Á7 6 1Á9% and 11Á9 6 1Á9% (Fig. 4) . Both of these observations suggest that their near-unity ( 230 Th/ 238 U) was not caused by decay and aging during magma residence and/or transport. Magma differentiation also is not a likely cause for near-equilibrium ( 230 Th/ 238 U) as both samples have among the lowest La/Yb among Kīlauea lava samples (Fig. 5b) . For sample KS08-11 S, assimilation of lithic fragments from crater wall collapse is also unlikely, as historical summit lavas typically have higher La/Yb (see sample 1982 A-20 (this study), and Pietruszka et al., 2013 Halema'uma'u and Pu'u ' O' o (Pietruzska et al., 2015) . The ash sample from the 2008 summit eruption, KS08-01 T, with its elevated ( 230 Th/ 238 U) (Fig. 4b) and unusual major and trace element compositions is discussed separately below.
Using models from Spiegelman & Elliot (1993) and Sims et al. (1999 Sims et al. ( , 2008a ) that assume chromatographic porous flow melting, a melting column of 50 km Pietruszka et al., 2001 ) and partition coefficients from Salters & Longhi (1999) , maximum melting rates are constrained to be between 1 Â 10 -3 and 5 Â 10 -3 kg m -3 a -1
to explain the ( 230 Th) excesses of the main population and porosity (U max ) to be between $2 and $10% based on ( 226 Ra) excesses (Fig. 9) . Melting rates may be as high as about 1 Â 10 -2 kg m -3 a -1 for the samples with near-equilibrium ( 230 Th/ 238 U) (Fig. 9) . Dynamic melting models can also satisfactorily explain the ( 230 Th) and ( 226 Ra) excesses that form at Hawai'i, including Kīlauea, with variable melting rates and maximum porosity that broadly overlap the values required by chromatographic porous flow Pietruszka et al., 2001) . To explain porosity and melting rate variations in MORB, Jull et al. (2002) and Sims et al. (2002) proposed that magmas comprise a mixture of melts originating from a deep low-porosity end-member region and a shallower high-porosity end-member region. Our data are consistent with a similar melting regime beneath Kīlauea.
Variations in ( (Beattie, 1993a; Salters & Longhi, 1999; Blundy & Wood, 2003; Elkins et al., 2008) . However, the lack of clear trace element compositional differences, such as differing REE concentrations or differing middle to heavy REE (MREE/HREE) ratios (e.g. Dy/Yb), between these samples with nearequilibrium ( Fig. 5c ) does not favor this hypothesis. Moreover, the > 100 km thickness of the lithosphere beneath Hawai'i (Li et al., 2004) probably confines all melting to garnet peridotite, favoring generation of some magmas in zones with high melting rates and large melt fractions (Sims et al., 1995 Phillips et al., 2016) .
An (Williams & Gill, 1986 ) into Kīlauea magmas, as has been suggested for Niihau lavas (Dixon et al., 2008) , also can explain the U-Th-Ra data. However, for any of these explanations, the similar geochemical affinities of Ba and Ra (Blundy & Wood, 2003; Sims et al., 2013) , would result in a correlation between ( 226 Ra/ 230 Th) and Ba/Th in our Kīlauea samples, which is not observed (Fig. 5d) .
We conclude that the most likely explanation for the
Ra) data is melting of a garnet peridotite mantle with variable porosity and melting rates. We posit that most Kīlauea magmas are produced in a Th) compared with models of chromatographic melting (Spiegelman & Elliot, 1993) for all Kīlauea samples analyzed in this study and by Sims et al. (1999) and Pietruszka et al. (2006) , with the exception of ash sample KS08-01 T, which was probably affected by secondary processes and is omitted here. Porosity and melting rate contours after Sims et al. (2008a) , based upon a melting column of 50 km Pietruszka et al., 2001) and partition coefficients by Salters & Longhi (1999) . Vertical trending lines indicate increments of melting rate; horizontal trending lines indicate increments of porosity. This model suggests that Kīlauea magmas are formed in a region of porosity U max in the range of 2-10%, mainly controlling variations in ( column of melting mantle with variable porosity such that magmas with the highest ( 226 Ra) excesses originate from a low-porosity regime ($2%) and magmas with the lowest ( 226 Ra) excesses originate from a highporosity regime ($10%). Our results cannot clearly discriminate among melting rate variations for these magmas, except for the magmas with near-equilibrium ( 230 Th/ 238 U), which are characterized by generally high ( 226 Ra) excesses and were therefore probably produced at higher melting rates in a low-porosity regime.
Our sample from April 1982 and historical samples dating back to 1790 (Cohen & O'Nions, 1993; Hé mond et al., 1994; Cooper et al., 2001; Pietruszka et al., 2001 Pietruszka et al., , 2002 are indistinguishable in their U-Th-Ra disequilibria from samples from the ongoing eruption (Sims et al., 1995 ; this study) (Fig. 10) . Prehistoric Kīlauea basalt lava samples erupted from 400 to 4800 a BP also have similar ( 230 Th/ 238 U) values (Hé mond et al., 1994) , although these are decay counting data with large uncertainties. This overall consistency in the U-Th-Ra data for Kīlauean lavas over time contrasts with the diversity in Pb and Sr isotopic compositions as well as some incompatible trace element ratios over the same period (e.g. Pietruszka & Garcia, 1999a; Pietruszka et al., 2001 Pietruszka et al., , 2006 Pietruszka et al., , 2015 Abouchami et al., 2005; Marske et al., 2008; Weis et al., 2011; Greene et al., 2013) . These observations suggest that changes in source compositions over time recorded in the compositions of lavas from Kīlauea are not associated with a change in the basic nature of the source rock (garnet peridotite), nor are they associated with significant and consistent changes in the general conditions of melting.
The Ra signature and plots within the main sample population (Figs 3-5) , despite its more primitive major and trace element signature (Figs 5-7 ). This brief eruptive locality shift coincided with the culmination of 4 years of summit uplift and increased magma supply rate (Poland et al., 2012; Thornber et al., 2015) . Despite this magma supply surge, our data reveal no significant changes in terms of mantle melting processes during this period.
Populations of samples erupted over very short time intervals, typically <1 day, in January 1983, on 30-31 January 1997, and Th) variations observed during the entire ongoing eruption and through historical times. These samples have been interpreted to represent mixed primitive magmas and stored magmas (Garcia et al., 1989; Thornber et al., 2003 Thornber et al., , 2015 . It is possible that these heterogeneous ( 226 Ra) excesses represent mixing between juvenile magmas and stored magmas. However, the presence of significant ( 210 Pb/ 226 Ra) 0 disequilibria in these samples (Fig. 6) Th) excesses simultaneously generated in different parts of the melting column ascend and travel towards the ERZ without further mixing or homogenization, preserving the original disequilibria inherited from melting. This finding also constrains the general role of the summit magma storage system. It is not a cauldron where magmas stall, mix and significantly differentiate. Rather, its main purpose is to redistribute ascending magmas into the shallow Kīlauea plumbing system (see also Tilling & Dvorak, 1993; Pietruszka & Garcia, 1999b; Thornber et al., 2003; Pietruszka et al., 2015) . (Table 3 ; Fig. 6 ). Such deficits are widespread in young volcanic rocks and have been observed in MORB (Rubin et al., 2005; Waters et al., 2013a) , basalts from continental rifts (Chakrabarti et al., 2009; Turner et al., 2012 Turner et al., , 2013 , arc magmas Berlo et al., 2004; Turner et al., 2004; Reubi et al., 2015) and OIB (Gill et al., 1985; Rubin & MacDougall, 1989; Sigmarsson, 1996; Sims et al., 2008b) , including lavas erupted during the first 3 years of the ongoing Kīlauea eruption (Reinitz & Turekian, 1991) . Lead is generally less incompatible than Ra in basaltic magmas (Blundy & Wood, 2003) , and variation in porosity during mantle melting has been proposed to explain the negative correlations between ( 210 Pb/ 226 Ra) 0 and ( 226 Ra/ 230 Th) in MORB (Rubin et al., 2005; Sims et al., 2008b; Berlo & Turner, 2010 (Fig. 6) . The broad positive correlation between Pb concentrations and ( 210 Pb/ 226 Ra) 0 might be explained by unequal partitioning of Ra and Pb between phases, causing the ( 210 Pb) deficits at Kīlauea (Fig. 7 ). Plagioclase and sulfide phases have the potential to fractionate Pb from Ra (Blundy & Wood, 2003; Rubin et al., 2005; Sims et al., 2008b (Fig. 7) or other geochemical evidence (e.g. Eu/Eu*) for fractionation of such phases (e.g. Garcia et al., 1996 Garcia et al., , 2000 Sims & DePaolo, 1997; Thornber et al., 2015) , which is also not observed.
Another commonly recognized cause for ( 210 Pb) deficits is loss of 226 Ra daughter 222 Rn by open-system partitioning into a gas phase that exsolves during magma ascent (Rubin & MacDougall, 1989; . Radon concentrations in magmas are minute and thus Rn will not saturate and form its own gas phase. However, Rn will strongly partition from magmas into exsolving CO 2 -and H 2 O-rich gas phases . The continuous flux of CO 2 from the summit of Kīlauea is a manifestation of the CO 2 -rich gas phase that is steadily lost from magmas as they ascend (Gerlach et al., 2002; Mather et al., 2012; Edmonds et al., 2013) . This degassing probably removes most or all Rn from magmas (Gill et al., 1985) .
The next daughter nuclide down the 238 U-series decay chain from 226 Ra with a geologically significant half-life, 210 Pb, has a low volatility (Gauthier et al., 2000) and remains in the melt once it is produced. The halflife of 222 Rn is very short (3Á8 days), and thus only volcanoes that persistently degas for time frames of more than about 2 years can produce measurable ( 210 Pb) deficits. demonstrated that the magnitude of steady-state ( 210 Pb) deficits generated at persistently degassing volcanoes is controlled by magma ascent timescales from the depth of initial exsolution to the surface, such that the larger Pietruszka et al. (2001 Pietruszka et al. ( , 2002 Pietruszka et al. ( , 2006 , Elkins et al. (2011 ), Ruprecht & Cooper (2012 and this study. Earlier data obtained by a-decay have lower precision and were omitted. the deficit, the longer the ascent timescales. Following equation (12) in , ascent timescale s d may be expressed as 
where a is the gas fraction of the magma, f is the fraction of total Rn that exsolves in the gas, and s d is inverse to a magma renewal rate (/ 0 /M) as defined by , where / 0 is the undegassed magma flux from depth and M is the total mass of magma. Rn into the gas phase (f ¼ 1), which was demonstrated for a Pu'u ' O' o lava (Gill et al., 1985) , and an initial gas fraction a ¼ 1%, we estimate a typical continuous magma degassing timescale of 8 years for magmas that rise in the Kīlauea conduit system. The calculated rise time is relatively insensitive to a value , and our chosen value is consistent with estimates of CO 2 (Gerlach et al., 2002) and H 2 O (Wallace & Anderson, 1998) concentrations in parental magmas at Kīlauea, which are $0Á7 wt % each.
Exsolution of CO 2 beneath Kīlauea is estimated to initiate at $30 km depth (Poland et al., 2012) , and magma is thought to ascend steadily from this depth to the surface reservoir and conduit system directly below the summit (Tilling & Dvorak, 1993; Cervelli & Miklius, 2003; Wright & Klein, 2006; Orr et al., 2015; Pietruszka et al., 2015) , causing continuous CO 2 degassing at the summit (Gerlach et al., 2002; Mather et al., 2012; Edmonds et al., 2013) . Magmas ascending and degassing for $8 years from a 30 km depth would have average magma ascent and transfer velocities at Kīlauea of about $3Á7 km a -1 . Despite a surge in magma supply rate from 2003 to 2007 (Poland et al., 2012) Fig. 6 ). Assuming a magma supply rate of 0Á1 km 3 a -1 (Dvorak & Dzurisin, 1993 ) and a cylindrical conduit, the diameter of the conduit would need to average about 75 m for these ascent rates, similar to the conduit diameters calculated based on degassing rates (Greenland et al., 1988) . Conduit diameters and velocities must vary along the magma path, and the upper few kilometers of the magma system has at least four small magma reservoirs (Baker & Amelung, 2012) . Nevertheless, our data suggest that magmas rising through the crust do not typically stall for more than a few years along their entire pathway before erupting. These timescales are also consistent with an $2 year magma migration rate through the uppermost 10 km of the crust during the Kīlauea Iki eruption of 1959, as inferred from zoning profiles in olivine (Rae et al., 2016) .
The exceptions are magmas with ( 210 Pb/ 226 Ra) 0 approaching equilibrium in this system (Fig. 6) , which erupted mainly during the Pu'u ' O' o and N apau ventopening events of 1983 and 1997. Magmas erupted from N apau are relatively homogeneous with small ( 210 Pb) deficits (Fig. 6) , and also are distinct in mineralogy and geochemistry, with plagioclase phenocrysts, lower MgO and Mg numbers, and enrichments in incompatible trace elements Fig. 6 ). The 1983 magmas also are more differentiated with lower MgO concentrations and higher La/Yb compared with most ERZ lavas (Fig. 5) , also consistent with preeruptive storage and fractionation.
One lapilli sample erupted in March 2008 from Halema'uma'u has a ( 210 Pb) deficit and other compositional traits similar to those of simultaneously erupted ERZ lavas, suggesting that some of the initial ejecta of this vent-opening episode involved ERZ-type magma. However, another juvenile lapilli sample from this eruption has ( 210 Pb/ 226 Ra) 0 within error of equilibrium, suggesting that a portion of the magma involved in this eruption had a very different origin.
We posit that the magmas with near-equilibrium ( 210 Pb/ 226 Ra) 0 values have these higher values because ( 210 Pb) grew towards secular equilibrium values in magmas while they were stored without significant degassing in the ERZ or below the summit for a minimum of four decades (see also Garcia et al., 1989; Thornber et al., 2003 Thornber et al., , 2015 . A similar mixing process with stored magma also may have occurred during the 1959 Kīlauea Iki eruption (Rae et al., 2016) . C causes it to partition into gas phases (Le Guern et al., 1982) , and lava frequently erupts with ( 210 Po/ 210 Pb) 0 < 0Á1 in a variety of volcanic settings (Rubin & Macdougall, 1989; Rubin et al., 1994; Reagan et al., 2005 Reagan et al., , 2006 Reagan et al., , 2008 Turner et al., 2013) . This is true at Kīlauea, where lavas erupted in 1983 (Gill et al., 1985) and our samples of ERZ lavas and juvenile summit spatter had ( 210 Po) 0 $ 0 (Table 2; Fig. 8 ). Tracking how and where 210 Po is dispersed into the environment after being degassed from magma is beyond the scope of this study, although our data show that particulate matter erupted at Kīlauea has considerable adhered 210 Po. The samples from the 2008 summit eruption analyzed here include the first tephra erupted on 19 March 2008 (sample KS08-01 T, Wooten et al., 2009) . This episode ended 26 years of volcanic quiescence at the summit caldera and was unusually explosive, with the first ash emission at Kīlauea since 1924 (Wooten et al., 2009) . All of the ash samples and Pele's hair samples from this eruption are strongly enriched in 210 Po over 210 Pb. Leachates of the Pele's hair sample had extreme ( 210 Po) 0 enrichments ( Table 3) , showing that tephra particles were coated with Po condensates. Some of this Po could have sublimated during pre-eruption fumarolic activity. Concentrations of Po condensates on fine ash and Pele's hair probably sublimated while in the hot tephra cloud (see Moune et al., 2007) and some of the Po probably diffused into the quenching basaltic glass, resulting in ( 210 Po/ 210 Pb) 0 > 1 in leached samples. Whereas all lapilli and lava samples from the summit and ERZ are generally similar to pre-2008 basalts in terms of their major and trace element and U-series isotope geochemistry (Figs 3-7) , the ash and Pele's hair samples have ( 210 Pb/ 226 Ra) 0 ¼ 1Á2 and 2Á0, and are also enriched in elemental Pb (Fig. 7) . The combined 210 Pb and elemental Pb enrichments suggest that the elevated ( 210 Pb/ 226 Ra) 0 in these samples resulted either from diffusion of young fumarolic Pb into lava fragments from the gas phase, or from the incorporation of Pb-enriched fumarolic crusts deposited within the past few decades into magmas just before they erupted.
The strong similarity of the incompatible trace element composition of the 2008 ash sample KS08-01 T to early 20th century lavas suggests that much of the rock scavenged from the inner crater wall of Halema'uma'u during the explosive eruption that produced this ash was derived from shallow sills or crystallized lava lakes emplaced during this period. However, the unusual compositional traits for this sample, such as its andesitic SiO 2 content and lower concentrations of most other major element oxides, probably reflect chemical reactions between the quenching pyroclasts and acidic fumarolic gasses, as many of the fragments in this sample are highly altered (Wooten et al., 2009) . Similar compositional changes owing to gas-glass interaction were reported at Masaya volcano on rims of Pele's hairs (Moune et al., 2007) . The high CaO concentrations probably reflect the dusting of fine-grained crystals of anhydrite on the particles (Wooten et al., 2009 Th) values for this sample, which is atypical for Kīlauean lavas, probably reflects U leaching during alteration by fumarolic gases and perhaps also Ra precipitation with anhydrite.
CONCLUSIONS
This study of U-series disequilibria in a wide variety of Kīlauea lava and tephra samples from the ongoing eruption provides new insights into the processes and timescales of magma generation, ascent, degassing and storage during a prolonged shield-building eruption of Hawaiian tholeiite (Fig. 11) .
Partial melting of upwelling garnet peridotite mantle produces magmas with ( 230 Th/ 238 U) ! 1. For most samples these ( 230 Th) excesses are small ($4%), as expected for OIB volcanoes with relatively high solid mantle upwelling rates and rapid rates of partial melting (Sims et al., 1995 . The ( 226 Ra) excesses in these samples vary from $3 to $17%, suggesting a melting column with variable porosity, from U max $ 10% to U max $ 2%, respectively. Melting rates for these samples are constrained between 1 Â 10 Ra) 0 values erupted. These magmas also exhibit significant differences in their major and trace element compositions and mineral modes. These combined observations indicate that a minimum of four decades magmas are stored at shallow depths in the ERZ for some decades before they are remobilized by intrusion of new magma.
Lava and tephra samples from 2007 and 2008 analyzed shortly after eruption for ( 210 Po) 0 reveal that regardless of their eruption locality, lapilli and lava were erupted with ( 210 Po) 0 $ 0, highlighting the high volatility of Po and efficient partitioning into CO 2 -and SO 2 -rich gas phases in both the summit and ERZ magmas, respectively. In contrast, ash and Pele's hair samples from the 2008 summit eruption had large ( 210 Po) 0 excesses. We interpret this enrichment to have resulted from adsorption of Po on silicate glass within the ash cloud. Leached ash and Pele's hair samples also were enriched in ( 210 Pb) 0 over ( 226 Ra), as well as elemental Pb, which we interpret to result from adsorption of young fumarolic Pb onto ejecta surfaces. In addition, the first tephra ejected by the 2008 summit eruption has a distinct major and trace element signature, indicating that these tephra particles were mined from young altered intrusive rocks beneath Halema'uma'u and reacted with the fumarolic gases. at the US Geological Survey's Hawaiian Volcano Observatory. We thank Michael Garcia and Aaron Pietruszka for contributing samples and data, and for their comments on an earlier version of this paper. Constructive comments from Jorge Vazquez, Daniel Dzurisin, James Gill and three anonymous reviewers helped substantially improve this paper. We also thank Alastair Lumsden and Simon Turner for their editorial assistance. Jennifer Thompson, Jay Thompson, David Peate, Evelyn Mervine, Jurek Blusztajn and Jennifer Bonini are thanked for their help with sample processing and analytical work. The Matlab code for fitting 210 Po ingrowth was generously provided by Juan Carlos Afonso.
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